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Abstract
In this case study we aim to investigate the important milestones in the
incorporation of Maxwell’s laws of electromagnetism in Newtonian relativity.
Theoretical research has been conducted upon the work of Voigt, Poincare´ and
Lorentz, in the field of mathematical transformations between inertial frames.
The development of these transformations is linked to Newton’s and Einstein’s
relativity principles. Although accepting the constancy of speed of light and de-
veloping transformations in contradiction with Newtonian relativity, they never
fully doubted its postulates. In the aim to unify Newton’s and Maxwell’s theo-
ries in one relativity principle, sharing the same transformations, Voigt, Lorentz
and Poincare´ try to adapt the well establihed Galilean transformations. By ren-
nouncing the need of absolute space and time, Einstein’s solution to the topical
problem is most efficient – a scientific problem resolved by substitution, rather
than adaptation of well established theories.
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1 Introduction
Among the main problems introduced in physics in the 19th century were the fa-
mous Maxwell equations of electromagnetism, suggesting electromagnetic wave-
like behaviour of light. Although providing evidence for new physical phenom-
ena, this theory was incompatible with the established Newtonian relativity.
It was therefore an essential goal for scientists from this time to incorporate
the newly discovered physical phenomena within what was known so far. This
turned out to be a challenge, that troubled scientists for more than five decades.
The answer to the problem, however, was more radical, then one would suspect.
A solution was given in 1905 by Einstein, with the Theory of Speical Relativ-
ity. It took some time for the scientific community to accept, because it argued
with ones perception of space and time. However, this well known theory is,
nowadays, a fundamental part of physics.
Along with new understanding of space and time, special relativity had a
mathematical form different from the one, used in Newtonian relativity princi-
ple. Interestingly, such mathematical forms have been introduced a few decades
earlier and were well known at this time. They were used by scientists like Voigt,
Lorentz and Poincare´ as alternatives to the mathematical transformations used
in Newtonian relativity. However, none of these mathematical transformations
lead to a relativity principle.
It is therefore of interest to investigate the aims, approaches and results of
the work of the above mentioned scientists. One would intuitively think that
their results are very similar to the ones, reached by Einstein. In the following
pages we will investigate the scientists’ motivations, and their effect on the
development of the mathematical transformations.
2 Problem formulation
Adaptation of Galilean transformations to serve Maxwell’s equations of electro-
magnetism.
The problem formulation can be clarified through the following subquestions:
• What were the attempts for improving Galilean transformations in New-
tonian relativity?
• What other attempts for incorporating newly discovered physical phenom-
ena were made, rather than improving the Galilean transformations?
Problem analysis & method
In this case study we aim to investigate the milestones in the incorporation of
Maxwell’s laws of electromagnetism in Newtonian relativity. Because relativity
principles are build upon theory and mathematical equations, we focus on the
development of the mathematical forms and their applications. As a method
we use theoretical investigation of the problem, presenting the work of scientists
within this field. The information is gathered from articles, journals and books
on the subject. The report’s target group are students of natural sciences, with
basic knowledge in physics and mathematics.
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This problem is in accordance with the semester theme, because it shows
a meta-scientific view on a problem within natural sciences – the process of
adapting mathematical transformations to explain incomprehensible physical
phenomena. The project is aimed to present in a clear way to the target group
the attempts to incorporate electromagnetism in the established Newtonian rel-
ativity.
3 Theory
For the purposes of the report we introduce, chronologically, relevant theories
and experiments.
3.0.1 Newtonian-Galilean relativity
Also refered to as Relativity principle, Newtonian-Galilean relativity (NGR) has
had a lead role in the development of physics. It’s postulates are:
• there exists an absolute space in which Newtons laws of mechanics are
true. The same laws hold in every inertial frame that moves in uniform
motion relative to the absolute space;
• all inertial frames of reference share the same absolute time, e.g. if an
event occurs at time t in an inertial frame S, than it will be observed
to occur at the same time t in an inertial frame S′, independent of the
separating distance and speed of the frames relative to each other (Abreu
2008).
There was never a lack of objections to the first postulate. On the other hand,
because it is so near to our perception of time, the validity of the second pos-
tulate has not even been seriously questioned until the 19th century. Therefore
one can find these postulates in the foundations of many theories.
3.0.2 Galilean transformations
The invariance of Newton’s mechanical laws in all inertial frames is achieved via
Galilean transformations. These equations also keep time and space absolute,
as required (Barton 1999). Fig. 1 illustrates two 3-dimensional reference frames
in uniform motion relative to each other. Let S and S′ be two inertial frames,
moving with constant speed, v, relative to their x axis. Let also the origins of
S and S′ coincide, at an earlier time t0 < t. The Galilean transformation of
(x, y, z, t) and (x′, y′, z′, t′), where t = t′ are the respective times, is:
x′ = x− vt, y′ = y, z′ = z, t′ = t (1)
and the inverse:
x = x′ − vt′, y = y′, z = z′, t = t′
If we observe a new frame S′′, which is moving with constant speed u relative
to S′, than the speed of S′′ relative to S is
w = u+ v
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Figure 1: Two inertial reference frames. S′ has moved from the origin of S with
speed v.
A concluison of the above equations is that there is no absolute velocity, e.g.
velocity is relative to the observer. Hence velocities can add up infinitely. This
is also known as the law of velocity addition (Ryder 2009).
3.1 Topical problems
In the 19th century several physical phenomona were discovered and in need of
an explanation. Before we present the problems we need to briefly introduce the
ether theory, relevant for that time. In the 19th century, scientist proposed that
the entire universe was filled with a substance referred to as the luminiferous
ether, or simply ether. Its existence was proposed, because of the need for a
medium to transmit incomprehensible actions. For Newton it were the possi-
ble properties of the ether, that would explain gravity. Later on, its purpose
expanded to also carry light in vacuum (Rindler 2001).
3.1.1 Doppler effect
One of the first physical phenomena that could not be explained with NGR was
the Doppler effect. This effect occurs when an observer measures changing
frequency of waves, which are propagated with constant frequency from an
emitter, moving relative to the observer1. This phenomenon can be explained
with the decreased distance (in the case of the source closing in to the observer)
for the waves to reach the observer. Therefore the travel time of the waves is
reduced and causes an increase in the frequency of the waves as measured by
the observer. As a simple example can be given the changing sound of the siren
of a moving police car, as it drives past you. The general Doppler effect (not to
be confused with the relativistic Doppler effect) is given by the formula:
f ′ = f
v ± vb
v ± vs (2)
where f ′ is the observed frequency, f is the emitted frequency, v is the velocity
of the waves through the ether, vb is the velocity of the observer relative to the
ether and vs is the velocity of the source relative to the ether. The sign infront
of vb is + if the observer moves towards the emitter and − if it moves away from
it. The case for vs is the same (Halliday et.al., 2005).
1It was proven later, that light waves do not need a medium to travel trhough and therefore
obey a different kind of Doppler effect, see section 3.
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3.1.2 Maxwell’s equations
The discovery that raised greatest suspicion in NGR was Maxwell’s law of in-
duction: ∮ −→
Bd−→s = µdΦE
dt
and its form in vacuum, where
−→
B is the magnetic field, ds is a differential vector
element in length units,  electric permitivity, µ is the magnetic permeability,
ΦE electric flux and dt differentiation by time. From this equation, via some
algebraic calculations, can be shown that
c = (µ)−1/2 (3)
where c has units of speed. Substituting the values for  and µ in vacuum
yields c ≈ 3x108 ms−1, which coincides with the speed of light in vacuum,
meaning that light behaves as an electromagnetic wave phenomenon and its
speed depends only on the electric and magnetic properties of the vacuum and
is the same in all directions (Halliday et. al. 2005). However, electromagnetic
wave phenomena needed some medium to travel through. This lead Maxwell to
believe, that the ether, filling even vacuum, was this carrier.
3.1.3 Michelson-Morley experiment
The Michelson-Morley experiment was motivated by Maxwell’s suggestion that
light must be carried by the ether, because of its electromagnetic-like behavior.
Their experiment aimed to prove the existence of the ether.
The fundamental assumption was, that since the light is moving through the
ether at speed c, than the velocity addition consequence of the Galilean trans-
formation, suggests that the speed of light will be lower or greater than c, when
taken into account the Earths movement, v, relative to the ehter. Therefore the
experimental setup was designed as shown on Fig. 2. A light beam is divided
Figure 2: Michelson-Morley experiment.
into two beams, by a beam splitter. One travels along the Earths displacement
through space and the other perpendicular to it. Both beams travel the same
distance to mirrors and are reflected back to the beam splitter. A possible dif-
ference in the arrival time of both beams would be explained by the velocity
addition of the speed of the earth relative to the ether. However, such difference
was not measured. Therefore instead of proving the existance of the ether, the
Michelson-Morley experiment showed that it did not exist (Guerra et. al. 2005).
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3.2 Proposed solutions
Each of the following subchapters will end with their respective consequences.
3.2.1 Voigt
A very interesting publication was made in 1887 by Woldemar Voigt. Among his
proposals was the incompatibility of the Doppler effect with Newtonian-Galilean
relativity, in particular with absolute time (Ernst et. al. 2001). Therefore he
proposed the following transformation, derived for a reference frame moving at
constant velocity v relative to the ether.
x′ = x− vt, y′ = y
γ
, z′ =
z
γ
, t′ = t− vx
c2
(4)
for
γ =
(
1− v2/c2)−1/2 (5)
These transformations explain the Doppler effect, while keeping speed of light
invariant.
3.2.2 Lorentz
Length contraction was postulated by FitzGerald and Lorentz in 1889 to explain
the negative outcome of the Michelson-Morley experiment. We will briefly ex-
plain the derivation of the contracion equation. From Fig. 2 we see that L1 lies
in the direction of the velocity of the ether. Thus the speed of the horizontally
travelling beam is c+v to the mirror and c−v from the mirror. For the vertically
travelling beam the speed to and from the mirror is
√
c2 − v2. Then,
T1 =
L1
c+ v
+
L1
c− v =
2L1
c(1− v2/c2) (6)
and
T2 =
2L2√
c2 − v2 =
2L2
c
√
1− v2/c2 (7)
Because both light beams arrive at the same time, we can equal T1 and T2, to
obtain the observable length contraction (Rindler 2001):
L1 = L2
√
1− v2/c2 (8)
or
L1 = L2γ
−1
Later on, in 1892, Lorentz published his ”Lorentz ether theory” for a stationary
ether and constant speed of light in all directions. He introduced a transforma-
tion between the ether and inertial frames, which he developed further over the
years. In 1899 he derived the final version:
x′ = γl(x− vt), y′ = ly, z′ = lz, t′ = l
γ
t− γl (x− vt) vx
c2
(9)
Where l is an undetermined factor (Macrossan 1986)).
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3.2.3 Poincare´
In 1906, Henri Poincare´ simplified Lorentz’s equations and showed that they
keep Maxwell’s equations invariant under:
x′ = kγ (x− vt) , y′ = ky, z′ = kz, t′ = kγ
(
t− vx
c2
)
(10)
where k is an arbitrary constant. (Remark: in some versions of the transforma-
tion c2 is set to 1). It becomes apperant that Voigt’s proposal, Eq. (4), is just
a particular case of the above, when k = 1/γ (Ernst et. al. 2001).
3.3 Special relativity
Special relativity introduced a simple explanation to all the problems addressed
in Chapter 2.
• Relativity postulate – all inertial frames are equivalent for the conduciton of
all physical experiments.
• Speed of light postulate – the speed of light c, in vacuum, is the same in every
direction and in all inertial frames of reference.
The thoery deals only with inertial frames and neglects gravity. The first postu-
late is an extension of the Newtonian-Galilean relativity by including all physical
laws, not only Newtonian mechanical laws. The second postulate switches from
absolute time to the constancy of the speed of light. Here Galilean transfor-
mations are replaced with Lorentz transformations. Based only on the two
postulates, Einstein derived the Lorentz transformations in their final version:
x′ = γ(x− vt), y′ = y, z′ = z, t′ = γ(t− vx
c2
) (11)
and the inverse:
x = γ(x′ + vt′), y = y′, z = z′, t = γ(t′ +
vx′
c2
)
where γ is the same as in Eq. (5). We can observe that γ −→ 1 for v  c
and the transformation becomes Galilean. Thus for relatively small speed the
Galilean transformations still hold (Einstein 1916).
In the following paragraphs we introduce some consequences of special rela-
tivity.
3.3.1 Consequences
Length contraction
Length contraction remains the same in special relativity, as it was firstly pro-
posed by Lorentz, section 3.2.2.
L1 = L2
√
1− v2/c2
Time dilation
Let us observe the effect of two events occuring at the same place but at different
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times in an inertial frame S, which is moving relative to S′, as in section 3.1.2.
Than ∆x = 0 and ∆t 6= 0 within the S frame. Substituting these in in the
expression for t′, from Eq. 11:
∆t′ = γ
(
∆t− v∆x
c2
)
∆t′ = γ∆t (12)
Thus, time elapses faster in the frame where the event is stationary.
Velocity addition
Another result of the Lorentz transformations is the relativity of velocities,
again, with respect to the observers. Let x and t be like in the second part of Eq.
11, e.g. the displacement and time measured by a stationary frame S relative
to which is moving S′ with velocity v. Let us also observe the displacement ∆x
of a particle for time ∆t. Than:
∆x = γ(∆x′ + v∆t′),∆t = γ(∆t′ +
v∆x′
c2
)
and
∆x
∆t
=
∆x′ + v∆t′
∆t′ + v∆x′/c2
(13)
Since ∆x/∆t = u is the velocitiy of the particle measured in S and ∆x′/∆t′ =
u′ is the velocity of the particle as measured in S′, than by multiplying the right
hand side by (∆t′)−1/(∆t′)−1:
u =
u′ + v
1′ + u′v/c2
(14)
Doppler effect
The Doppler effect under special relativity is given by the formula:
f ′ =

f
√
1− v/c
1 + v/c
if the emitter is moving away from the observer
f
√
1 + v/c
1− v/c if the emitter is moving towards the observer
(15)
As in section 3.1, f ′ is the frequency measured by the observer, f is the emitted
frequency and v is the speed of the the two, relative to each other (Halliday
et.al., 2005).
4 Discussion
As mentioned in Chapter 3.2, Voigt’s transformations aim to solve a particular
problem, namely to explain the occurance of the Doppler effect. However they
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were not in accordance with the second postulate of Newtonian-Galilean relativ-
ity – absolute time, or in Galilean transformation, t = t′, suggesting relativity
of time. By disregarding, mathematically, absolute time and addopting the idea
of invariant speed of light, Voigt derived his transformations. Thus he explained
the Doppler effect, while keeping Maxwell’s equations and c invariant. This is
one of the earilest examples of a physicist showing the incompatibility of New-
tonian relativity with a common physical phenomenon. As Voigt himself said,
he was not looking to create a new relativity principle, but rather looking for
a solution to a particular problem (reff). Although with a different aim, while
allowing Maxwell’s discoveries to be true, he reaches mathematical transforma-
tions that contradict with Newtonian relativity and are close to a new relativity
principle.
The next example of a theory contradicting with Newtonian relativity, is
Lorentz ether theory, an attempt to explain the null result of the Michelson-
Morley experiment, along with its transformations. As in Voigt’s equations,
Lorentz’s transformations keep the speed of light invariant and contradict with
the velocity addition formula, Eq. (14). In the mathematical form time once
again appears inabsolute. However, Lorentz states in a conference, that he
only intuitively believed in the thruthfulness of inabsolute time, considering it
a heuristic hypothesis (American Astronomical Society, 1928). Lorentz ether
theory preserved the idea of absolute space, but aimed to replace the Galilean
transformations with Lorentz transformations. Once again, the advantage was
that he was able to keep Maxwell’s equations and the speed of light invariant.
However, his transformations were, for algebraic reasons, not suitable for a
relativity principle. Thus his attempt to incorporate all laws of physics in his
transformations was unsuccessful.
If one compares Newtonian and Special relativity, it becomes apperant that
they are very similar. Both are based on postulates about inertial frames, both
take certain physical phenomena for absolute and their respective transforma-
tions look alike. The first postulate of SR is an extension of NR’s 1st postulate
about inertial frames – because Enstein rennounced the existance of the ether, a
preferable reference frame was no longer needed. Thus he rennounced the need
of absolute space, or in other words the ether.
However, neither the second postulate in special relativity, nor its trans-
formations were adapted from Newtonian relativity. The second postulate is
motivated by the work of scientists in the 19th century, who theorized, exper-
imented and proved the constancy of the speed of light, a fact unknown to
Newton. And as mentioned above, constancy of the speed of light is not in
consistency with NR. The proposed second postulate makes time inabsolute,
resulting in the well known Lorentz transformations. Thus, unlike scientists be-
fore, Einstein fully replaced the established postulates, giving a radical solution
to the topical physical problems of his time.
If we look at the development of the mathematical transformations from a
meta-scientific perspective, we can observe a common pattern. Voigt, Lorentz
and Poincare´, in the search of a solution to their problems, try to adapt the
well established Galilean transformations to serve Maxwell’s equations of elec-
tromagnetism. Both Voigt and Lorentz develop mathematical forms that are in
contradiction with Newtonian relativity, and yet never fully doubt its two pos-
tulates. Einstein, in contrast, questions and replaces these postulates, leading
to a new relativity principle. This is an explicit example of the observed pattern
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– a scientific problem resolved by substitution, rather than adaptation of well
established theories.
5 Conclusion
For the purposes of Newton’s laws of mechanics, Galilean transformations proved,
both historically and mathematically, to be ideal. Serving the postulates from
section 3.0.1, the mathematical equations needed no modification in order to
carry out satrisfactory approximations of physical phenomena. But for Maxwell’s
laws of induction, these equations were not valid. The observed contradictions
were both in the postulates and the transformations of Newtonian relativity.
The need of new mathematical transformations was obvious. And so was the
aim to unify Newton’s and Maxwell’s theories in one relativity principle, sharing
the same transformations. The path towards the most acceptable solution was
laid by the scientists, presented in the theory chapter. They set milestones
of utmost importance, which were eventually used by Einstein in his radical
approach towards the problem. One of the most apparent conclusions that
can be drawn, is the fact that the limitations of the postulates of Newtonian
relativity were transfered to its laws. Therefore one should not look for flaws
in the mathematical forms, but rather in the postulates themselves. And as
today the perceptions gained from Newtonian relativity are being replaced by
Einstein’s, we believe that one day, when society and technology will require
higher accuracy and precision of measurements, a new relativity principle will
take over, with postulates different from Einstein’s.
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